Objective: We report our experience with a staged hybrid approach for the treatment of extended aortic disease, also known as ''mega aortic syndrome.'' Methods: A total of 15 patients (10 male, 5 female) underwent staged repair of the thoracoabdominal aorta, consisting of 3 separate stages (repair of ascending aorta and aortic arch using the frozen elephant trunk technique and hybrid thoracoabdominal repair with debranching of the renovisceral branches and stent graft implantation).
Conclusions:
The concept of a staged hybrid repair of the mega aortic syndrome is technically feasible. The frozen elephant trunk technique represents an attractive treatment option, offering an adequate landing zone for later thoracoabdominal repair in patients with extended aortic disease. For completion of the repair, a staged hybrid approach with renovisceral debranching and aneurysm exclusion using off-the-shelf stent grafts shows promising results with low surgical morbidity and mortality. (J Thorac Cardiovasc Surg 2017;154:1842-9)
Postoperative computed tomography scan with 3-dimensional reconstruction after completion of the hybrid procedure, depicting patent bypass grafts after debranching and complete exclusion of the aneurysmatic aorta.
Central Message
A multistaged approach (FET and hybrid thoracoabdominal repair) in the treatment of extensive aortic disease is technically feasible and shows promising results with acceptable mortality and morbidity.
Perspective
Mega aortic syndrome is a challenging clinical entity for both the patient and the surgical team. Data regarding treatment options for such pathologies are limited. We present our concept of a multistaged approach using both open and endovascular techniques for the different operation stages, describing an alternative treatment option with promising results for this challenging pathology.
See Editorial Commentary page 1850.
The aneurysmatic dilatation of the whole aorta, involving the ascending aorta, the aortic arch, and the descending and abdominal aorta, may it be of degenerative origin or a consequence of aortic dissection and also known as ''mega aortic syndrome,'' is a relatively rare entity and requires extensive repair procedures. Open surgical treatment is currently the standard treatment, and although adjunctive measures have reduced mortality and morbidity, both remain significant. Endovascular techniques for treating extended aortic aneurysms are rapidly evolving; a total endovascular approach in this case is nevertheless still not feasible, given the lack of specific devices to treat all vital branches, as well as individual anatomic limitations and various configurations of the aneurysmatic aorta. Hybrid procedures have been introduced to minimize surgical trauma by creating adequate landing zones for endovascular repair using offthe-shelf stent grafts. 1 Furthermore, studies have indicated that staging the aortic repair attenuates surgical trauma and seems to reduce morbidity, 2,3 although aneurysmrelated interval mortality 3 and patient compliance to undergo the latter stages 4 remain important issues. Our concept consists of open repair of the ascending aorta and the aortic arch using the frozen elephant trunk (FET) technique 5 and completion with a staged hybrid repair of the thoracoabdominal aorta. 6 We present our patient cohort to assess the outcome in terms of technique feasibility and safety.
PATIENTS AND METHODS Data Collection
Patients were included in a registry with prospective collected data. After completion of the procedure, frequent follow-up was performed at 1, 3, 6, and 12 months by means of clinical examination, ultrasound, and computed tomography scans. Annual follow-up was performed thereafter. Approval from the ethics committee was obtained, and patients signed a written informed consent preoperatively.
Surgical Technique
The open repair of the ascending aorta and the aortic arch is performed through a median sternotomy (partial or total) using circulatory arrest. The procedure is carried out under mild hypothermia with selective antegrade cerebral perfusion. Arterial and venous cannulation is preferably achieved via the right subclavian artery and the right atrium, respectively, and cardiopulmonary bypass is established. The patient is cooled and the aorta is crossclamped. Antegrade or retrograde blood cardioplegia is applied. The patient is placed in the Trendelenburg position, the aorta is then transected, and brain perfusion is initiated. Backflow is controlled after inserting Fogarty catheters or clamping. In selected patients, cannulation of the left carotid artery also can be performed. Transection of the aortic arch is continued, and the supra-aortic vessels are dissected as an island patch. The stented part of a hybrid graft is then deployed in the descending aorta over a stiff guidewire, which is introduced in an antegrade fashion or using a through-and-through technique via the common femoral artery. The hybrid graft is then anastomosed to the proximal descending aorta using a pledgeted continuous, nonabsorbable suture. The proximal part of the hybrid graft (''not stented'') is then unfolded, and after excision of a corresponding segment on the cranial surface, a patch anastomosis with the arch vessels is carried out, using a plegdeted continuous, nonabsorbable suture. The reconstruction is de-aired, the graft is clamped proximally, and perfusion is reestablished. The proximal anastomosis with the native ascending aorta or preexisting grafts is completed while the patient is being warmed (Figure 1 ). After de-airing, the aortic clamp is removed and additional adjunct procedures are carried out if necessary (ie, aortocoronary bypass or valve reconstruction). Decannulation is then performed, and the procedure is completed (Figure 2 ).
We have previously described the hybrid procedure for thoracoabdominal repair. 6 Through a median laparotomy and a transabdominal approach, the abdominal aorta and the origins of the celiac trunk, the superior mesenteric, and the renal arteries are exposed. In cases with extended aneurysmatic dilation reaching the aortic bifurcation or even further, an infrarenal repair with a tube or bifurcated graft is carried out to provide an adequate landing zone and facilitate debranching. Grafts originating from the infrarenal aorta, the iliac arteries, or the aortic graft are then anastomosed to the renovisceral arteries (Video 1). Alternatively, hybrid grafts are used to avoid complete dissection of the target vessels and reduce anastomosis and thus ischemia time. The origins of the renovisceral vessels are then ligated, and the operation is completed (Figure 3) . Stent grafts are introduced during a third stage via the common femoral artery, which is surgically dissected or over an iliac conduit after retroperitoneal exposure to achieve exclusion of the aneurysm (Figure 4) . A throughand-through guidewire technique is sometimes used to facilitate stent graft deployment and reduce procedure-related complications. Radiopaque markers placed intraoperatively allow for optimal identification of the distal landing zone. A spinal drainage is placed to monitor spinal fluid pressure.
RESULTS

Demographic Data and Comorbidity
From 2007 to 2016, 15 patients were identified, of whom 10 (66.7%) were male and 5 (33.3%) were female. Six 
Abbreviation and Acronym
FET ¼ frozen elephant trunk patients (40.0%) already had prior thoracic surgery involving repair of the ascending aorta with or without combined valve reconstruction and aortocoronary bypass. Two patients (13.3%) had undergone isolated valve reconstruction, and 1 patient (6.7%) had undergone aortocoronary bypass. In 3 patients (20.0%), an infrarenal repair had been performed. The mean age of patients at the time of operation was 52.9 years (range, 25-78 years), 55.1 years (26-82 years), and 56.6 years (26-82 years) for stages 1, 2, and 3, respectively. Demographic data and previous surgical procedures are shown in Table 1 .
Technical Data
Indications for stage 1 repair were aneurysmatic dilatation in 5 patients (33.3%), acute aortic dissection in 4 patients (26.7%), and aneurysmatic dilatation or newly developed aortic dissection after previous repair in 6 patients (40%). Indications for thoracoabdominal repair were downstream expansion of the aorta due to degenerative aneurysm in 4 patients (26.7%) and expansion of the aortic lumen after dissection in 11 patients (73.3%). Marfan syndrome was diagnosed in 3 patients (20%) with aortic dissection, and Erdheim-Gsell syndrome was diagnosed in 1 patient (6.7%). Mean maximal aortic diameter before stage 1 in patients not presenting with acute aortic dissection was 59.5 mm (range, 48-67 mm) and 75 mm (range, 61-106 mm) before stage 2. All patients presented with aneurysmatic dilation of the aorta involving or reaching beyond the renal arteries. The median interval between stages 1 and 2 was 23.6 months (mean, 23.4 months; range, 1.4-49 months); the interval between stages 2 and 3 was shorter (median, 13 days; mean, 35.7 days; range, 0-187 days).
Stage 1 could be completed in all patients (100%). A total aortic arch repair was performed, as well as repair of the ascending aorta in patients not operated previously. All patients were operated using the FET technique, either using a hybrid graft or deploying a stent graft to stabilize the aortic graft. Cerebral perfusion was maintained via selective unilateral cannulation in 14 patients (93.3%) and bilateral cannulation in 1 patient (6.7%). Median core temperature was 28 C (mean, 28.1 C; range, 26 C-30 C). Adjunctive procedures were performed, including aortocoronary bypass in 4 patients (26.7%, redo in 1 case) and aortic valve reconstruction in 6 patients (40.0%) ( Table 2) .
Stage 2 was completed in 14 patients (93.3%); 1 patient died after intraoperative rupture of the descending aorta. Infrarenal repair was performed in 9 patients (60.0%), using a VIDEO 1. Two-vessel debranching (celiac trunk and superior mesenteric artery). Both grafts are tunneled behind the left renal vein, and the graft to the celiac trunk is tunneled in the para-aortal plane. Grafts and anastomoses are intraoperatively controlled using ultrasound. Shown are dissection of the infrarenal aorta, the superior mesenteric artery, and the celiac trunk. Anastomosis of the graft to the native aorta. Anastomosis to the celiac trunk. Anastomosis to the superior mesenteric artery. Video available at: http://www.jtcvsonline.org/article/S0022-5223(17)31357-0/addons. tube (n ¼ 3, 20%) or bifurcated (n ¼ 6, 40.0%) graft. In 2 patients (13.3%), an already existing aortic graft was replaced to optimize the distal landing zone and to facilitate debranching. Debranching of the superior mesenteric artery was performed in all cases (n ¼ 15, 100%). The celiac trunk was not revascularized in 2 patients (13.3%); in 1 case it was chronically occluded, and in the second case the surgeon deemed the risk for erosion bleeding high due to pancreatitis after infrarenal repair. With the exception of the intraoperative death, all other patients (93.3%) received a graft to the right and 13 to the left renal artery (86.7%), as in 1 patient an occluded left renal artery was detected preoperatively (Table 2) . Stages 2 and 3 were performed maximally 24 hours apart from each other in the first 3 cases (20%), as well as in a patient with contained aortic rupture (6.7%). In the latter 11 patients (73.3%), we adopted a staged concept for the thoracoabdominal repair with longer intervals, as described earlier. For stage 3, a median of 3 stent grafts (range, 2-5) was necessary to exclude the aneurysm.
Intensive Care and Length of Stay
Median intensive care unit stay after stage 1 was 1 day (range, 1-45 days), and median invasive ventilation time was 0 days (range, 0-32 days). After stage 2, median intensive care unit stay was 5 days (range, 1-30 days) and median ventilation time was 1 day (0-20 days).
Postoperative Outcome and Complications
One patient (6.7%) required temporary dialysis after stage 1 and underwent a right hemicolectomy after caecum perforation. Another patient had to undergo small bowel resection. A rethoracotomy for bleeding was necessary in 2 patients; 1 of those also required a tracheostomy because of prolonged respiratory weaning. One patient required a pacemaker to treat a newly diagnosed atrioventricular block. One patient had a temporary paresis of the recurrent laryngeal nerve. No further neurologic complications were observed. There was no in-hospital mortality after stage 1.
One patient died intraoperatively during stage 2 after the aneurysm ruptured at the thoracic level. No further postoperative deaths occurred, resulting in an inhospital mortality of 6.7%. One further patient had to undergo a subtotal colectomy, and another patient developed a pancreatitis, which was treated medically. No permanent renal insufficiency was observed after stage 2.
One patient developed permanent paraplegia (6.7%) after undergoing stages 2 and 3 with a short interval period. No further mortality or morbidity was observed after stage 3. We observed 1 aneurysm-related interval complication between stages 2 and 3 in 1 patient presenting with anemia. The computed tomography scan showed a contained rupture and stent graft implantation was carried out immediately.
Follow-up
Mean follow-up in this cohort was 29 months (range, 1.5-112.4 months). At 3 months, 1 patient showed an endoleak type Ib, which was treated by insertion of an additional stent graft. Four type II endoleaks were detected at 3 months. One resolved spontaneously, and the other 3 persisted without affecting the maximal diameter of the aneurysm and are being monitored.
As expected, this patient cohort showed significant mortality over time (Table 3 ). All deaths except 1 were not aorta specific. One further patient had a seizure and intra-abdominal bleeding was postulated, although the cause of death remained unclear. Kaplan-Meier analysis showed an overall survival of 93.3%, 66.0%, 55.0%, and 27.5% after 1 month and 1, 3, and 5 years, respectively ( Figure 5 ). 
Intention-to-Treat Analysis
In addition to those patients in whom the multistage procedure was completed, we have performed the first stage in 8 more patients, who presented with aneurysmatic dilation of the distal aorta, nevertheless under the threshold required for a thoracoabdominal repair. Three of those patients required a temporary dialysis after stage 1; in 2 further patients, a tracheotomy had to be performed. Prolonged weaning was also observed in 1 patient with pneumonia. One patient underwent rethoracotomy for bleeding. Regarding long-term follow-up, 1 of those patients is lost to follow-up and another had a fatal myocardial infarction 52 days after the first stage, while recovering in a rehabilitation facility. Mean follow-up for this patient cohort is 22.1 months (range, 1-83.2 months).
DISCUSSION
Endovascular techniques have evolved significantly in the last 2 decades. Being less invasive than open surgery, endovascular therapy options were quickly adopted in many areas of vascular surgery and are today being implemented as supplementary or primary treatment modalities. If applied in combination with open surgery as hybrid procedures, endovascular techniques allow for treatment of pathologies, which would have otherwise required more extensive surgical treatment. We have described a multistage hybrid approach to treat aortic pathologies extending from the aortic root to the distal iliac vessels.
Although some advanced endovascular approaches have been described, 7 open surgery remains the golden standard for the repair of ascending aorta and the aortic arch. After introduction of the elephant trunk 8 and the FET, 9 aortic pathologies reaching up to the proximal descending aorta could be treated in a single operation with relatively low mortality and morbidity. In case of acute aortic dissection, FET induces thrombosis and shrinkage of the false lumen, leading to reverse remodeling, 10 all of which have been connected to reduced late aortic-related mortality. 11, 12 In patients with chronic dissection reaching distal into the descending and abdominal aorta, such an effect does not always occur, because perfusion is often maintained through secondary distal intimal tears. However, there is growing evidence that FET reduces late aortic events and secondary interventions in patients with both acute and chronic dissection. [13] [14] [15] Furthermore, even if further interventions are required, FET facilitates thoracoabdominal repair by providing an adequate landing zone for endovascular completion and by distally displacing the aortic anastomosis in case of open repair. The same principle applies to patients with extended aortic aneurysms, where second-stage thoracoabdominal repair is necessary. The postoperative results of FET show an acceptable mortality and morbidity, 10, 13, [16] [17] [18] considering the fact that many patients present with acute aortic type A dissection. The more ''aggressive'' repair with FET technique does not lead to a higher operationrelated complication rate in comparison with a more conservative surgical approach. 15, 19 The absence of data showing higher operation-related complications in combination with the lower late aortic-related events seem to justify extending the repair into the descending aorta.
For the thoracoabdominal repair, open surgery still remains the gold standard and shows ongoing good results. 20, 21 Although experience in thoracoabdominal repair is extensive, data regarding this procedure as a component of a multistep aortic repair are limited. In a large series of 133 patients undergoing open distal aortic repair after FET, Roselli and colleagues 4 reported 37 patients with thoracoabdominal repair. Folkmann and colleagues 22 also reported a series of 9 patients undergoing open completion. Mortality in both series remained low (0%-6%), as well as spinal cord injury (0%-3.8%) and renal insufficiency (4.9%-11%). Roselli and colleagues 4 showed that endovascular completion also is a feasible 23 recently described the Lupiae technique for repair of extensive aortic aneurysms, which consists of debranching of the renovisceral branches using a specially designed graft and covering of the diseased aortic segments by using stent grafts. A total of 35 patients were treated with a mortality of 8.4%. Renal insufficiency requiring dialysis reached 1.7%; no spinal cord injury was reported. 23 We have adopted a 2-stage concept for the completion of the aortic repair, using a hybrid approach to exclude the distal thoracoabdominal aneurysm. Although the debranching procedure still presents a challenge to the physical limits of patients, it does remain advantageous over open repair by eliminating the need for thoracotomy, high aortic clamping, and extensive dissection of the aorta. Furthermore, hybrid repair is not limited by anatomic limitations, such as access vessel anatomy and atherosclerotic load of target vessels, which may preclude endovascular repair. Chronic dissections present an additional hurdle for endovascular completion, and studies suggest that these pathologies are even more prone to secondary interventions than atherosclerotic aneurysms. 24 Although midterm results are encouraging and show no differences in reinterventions after endovascular repair in comparison with open surgery, 25, 26 long-term follow-up shows that reinterventions are far more common after complex endovascular procedures and reinterventions become more frequent after approximately 5 years. 27, 28 We observed clinically relevant endoleaks in 1 patient, which could be treated endovascularly. Type II endoleaks were detected as well, but these did not affect the maximal aneurysm diameter. Some reports have described adverse aortic events attributed to type II endoleaks. 29, 30 Considering the complexity of the disease, as well as the fact that many resolve spontaneously over time, 30 we have adopted a more ''defensive'' stance regarding this type of endoleak. Although admittedly endoleaks still remain an issue, we believe that the use of standard stentgrafts in the context of a hybrid procedure results in a robust reconstruction able to offer a durable exclusion of the aneurysm.
Regardless of the type of completion, all series reported no or low spinal cord injury (0%-4.3%), although definitions vary. In our series as well, only 1 patient had neurologic impairment. Taking under consideration that the extent of repair is a primary risk factor for spinal ischemia, 31 one would expect the opposite. The low spinal ischemia rate probably has to be attributed to the staged repair, which provides the collateral network with sufficient time to adjust to the perfusion changes. To minimize risk for such complications, when using a bifurcated graft distally to the origin of the hypogastric artery, we always reanastomose this vessel, which has been shown to be a significant supplier of the spinal cord. 32 Furthermore, the routine use of cerebrospinal fluid drainage in those patients can provide an important tool in counterweighing the effects of spinal cord injury and is advocated by other studies. 4, 22, 23 The interval period between stages represents a potential Achilles' heel for this concept. Other authors have reported aneurysm-related interval mortality, which remains significant. 4, 23, 33 Furthermore, a significant percentage of patients are not willing to undergo completion of the repair after recovering from the first stage. 34, 35 In our series, 1 patient presented with a contained aortic rupture between stages 2 and 3, and stent graft implantation was performed as an emergency procedure. With growing experience, we have limited waiting time to a period of a few weeks, in which patients are being monitored closely in our outgoing patient clinic.
With the exception of 1 intraoperative death, in-hospital mortality in this patient cohort remained low. In the followup, cause of death was mostly not aneurysm related. Although mortality remains an issue in these complex procedures, Estrera and colleagues 33 showed that the only independent risk factor for late death after completion was age. Longterm follow-up of patients who did not undergo completion procedures shows an even more increased mortality. 33, 35 In view of these data, we consider the complete aortic repair to be a justified therapeutic option for those patients.
Study Limitations
This study has several limitations. The cohort consists of a specific group of patients, and this fact should be taken under consideration when making comparisons with alternative treatment options or drawing conclusions. The small number of patients also precludes further subgroup analysis. Although some patients were followed for up to or even more than 5 years, mean follow-up is generally short, thus not allowing for definitive conclusions with regard to durability. Nevertheless, considering the relative lack of bigger cohorts, this article adds valuable knowledge regarding treatment options of extended thoracoabdominal aneurysms.
CONCLUSIONS
This article shows that the concept of a multistaged hybrid approach is technically feasible in the treatment of extensive aortic disease caused by degenerative aneurysms, as well as after aortic dissection. The FET technique remains a safe treatment approach for stage 1 repair. Staged hybrid repair of the downstream aorta shows encouraging results with low mortality, acceptable morbidity, and promising durability. These are comparable to other treatment
